Abstract. A new model describes charge and mass transfer in ice-ice collisions in terms of fundamental molecular physics. Drawing on clues from results of recent and earlier experiments, the theory treats the collisions as interlinked events acting in three stages: before collision, during contact, and withdrawal. The theory provides quantitative descriptions of charge and mass transfer and their dependence on growth rate, temperature, and impact energy. Application of the theory to experimental simulations of thunderstorm charging explains general trends in terms of basic microscopic processes.
Bond disorder and ionization exist in bulk ice
, in greater density at crystal surfaces [Dosch et al., 1995 [Dosch et al., , 1996 , and even more at defects and rough surfaces [Mac and Higash, 1973] . On prismatic facets the equilibrium density of hydrogen bond disorder is PB = 5.7 x 10 25 m -3 averaged over a depth of 20 to 25 nm [Dosch et al., 1995 [Dosch et al., , 1996 . The bond disorder implies a certain density of ionic defects: the ratio of ionic to bond defects is Pi / PB = 10 -5 in bulk ice near the melting point [Onsager and Dupuis, 1959] . This leads to an estimate of the integrated surface density of ionization of an equilibrium prism facet of cr• --2 x 10 -6 C m -2.
Additional ionization occurs at rough and damaged surfaces owing to the reduced bonding at crystal edges and corners. The ionization into OH-and H + tends to develop into a negative surface layer and a diffuse positive distribution deeper in the ice. The localization of the OH-ion is due to its binding to the neighboring molecules by its remaining hydrogen bond, while the positive ions diffuse owing to their high mobility [Engelhardt, 1973; Pines and Huppert, 1985] and the availability of a large configuration volume in the bulk ice. This polarity is consistent with measurements of surface potential, which show that surface damage or timing can produce a negative value of several hundred millivolts [Caranti and Illingworth, 1983] .
According to the foregoing, the disorder-induced ionization is proportional to the density of surface growth defects. By (1) melting of the outermost layers begins above --0.8 of the absolute temperature of bulk melting. Whatever the type of disorder, its effect on surface melting can be described in terms of an increase of local energy density For dispersion forces the thickness relation is changed from (7) 
Disengagement
Mass transfer occurs when the particle temperatures are different; both melting and refreezing are asymmetric. The warmer particle, which in the MD experiments is subliming, has a thicker, interfacially melted film. Hence, when the particles separate, carrying away equal average thicknesses of film, the colder particle has a portion of the warmer particle's mass. If refreezing begins while the particles are still in contact, the colder particle captures an even larger fraction of the shared liquid film.
To quantify the effect of asymmetry in melting and compare it to the MD results, we note that a typical impact was estimated to yields the best fit overall. The saturation is driven by the neutralization provided by the dissolved cations. As more material participates in the collision, less negative charge is lost to the evaporating surface, and for a given total depth of shared melt liquid, the net negative charge loss decreases as the bulk ion density increases.
estimates were being made. The effect is mainly limited to the rather energetic collisions in the MD study; in typical charging studies the collisional melting does not invade deeply into the positive region (see section 4). The surface charge per unit area on each particle is therefore proportional to the vapor flux, i.e., to the vapor growth rate of the particle. If two particles have different vapor growth rates, the particle growing more rapidly has a greater negative surface charge density. Brief contact between two surfaces carrying different charge densities will allow charge transfer, if the charge carriers are sufficiently mobile. The double layer as a whole is electrically neutral, hence the net charge transfer must involve a difference between the rate of transfer of the positive and negative distributions. During growth the surface OH-ions are localized by site forces and can be dislodged only when the local fields are sufficiently high. However, the site localization disappears on melting, so that the surface ions can diffuse and mix in the liquid during the time of contact. In contrast, the positive ions are distributed over a depth in the solid, diffuse more slowly, and are mostly retained during the collision. Therefore melting during the contact should be a significant factor in the magnitude of charge transfer. It is treated in detail in section 3.2 and summarized in the next paragraph.
Application of the Theory to Charging in
Surface melting is a phenomenon displayed by virtually all materials, whereby the solid develops a liquid-like surface layer below the bulk melting temperature T,,•. The effect has been intensely studied and is well understood thermodynamically and on the molecular level. There have been several reviews; two that have treated surface melting specifically in ice are by Nenow and Trayanov [1989] 
where R is the sphere radius, E e is the effective Young's modulus, V is the speed, and ½ is the angle of impact. ice collisions in the charging studies. According to the papers cited, the fractional loss varies with all of the parameters of the collision, namely, the particle size, energy, and impact angle. In addition, we expect that the collisional melting phenomenon itself will introduce a variation with temperature. In this situation one has only an upper bound for AE, which, allowing for the rebound, is nearly equal to all of the incoming energy. However, for the purpose of illustration, we will assume that the loss is only 10% of the initial kinetic energy. With this estimate the calculations below predict appreciable collisional melting in the range of the experiments. Larger collisional losses will, of course, produce greater depths. 1997; Saunders and Peck, 1998; Jayaratne, 1996 Jayaratne, , 1998 ], and functional equations have been fitted to the data over limited regimes. Keith and Saunders [1990] showed that the charge transfer to the target depended on crystal size and speed as power laws, with exponents varying over particular ranges of size and temperature in the positive and negative charging regimes. The data were extended and further analyzed by Saunders et al. [1991] . For example, in the negative charging regime, over the size range 10-450 gm the exponent for size ranged from 2.5 to 1.9, while the speed exponent was constant at 2.5.
On the basis of the present theory, we expect a variation with size primarily through the collision area, i.e., quadratically. The velocity exponent would be 1.8, owing to the combination of target speed and the collision area. Additional dependence on V and R should arise from collisional melting, which changes the elasticity of the surface and hence the area of impact.
The dependence of charge transfer magnitude on temperature can be especially complicated, since temperature affects both the collisional melting and the evaporation rate of the supercooled droplets. In view of these complications we do not attempt to develop a more quantitative application of the theory to collisional charging as observed in experiments other than those in MD. However, we note an intriguing temperature dependence predicted by the theory, owing to a decrease of the collisional melting thickness at lower temperature, which should cause a corresponding decrease in the magnitude of charge transfer in collisions. For the smallest particles and lowest speeds of typical experiments, there will be very little melting below about --40øC. Experiments and thundercloud temperatures indicate comparable limits to charge transfer.
Discussion
Developed with clues from experiments, the theory draws from several branches of physical chemistry and condensed matter physics. It describes the charging process as proceeding in three stages: growth before collision, impact, and separation.
Each of the stages involves fundamental processes, some of which are still incompletely known, so that approximations are necessary, but a quantitative description of a recent study of iceice collisions is achieved with only one adjustable constant. Application to most collisional charging studies, whereby a rimed target is impacted by small ice particles, is not as detailed. These experiments are designed to represent the typical charging conditions in thunderstorms and are therefore the testing grounds for the natural phenomenon. Quantitative applications of the theory to atmospheric conditions may be even more limited because of the difficulty in characterizing the surfaces, collisions, and environments.
The qualitative aspects of the mass and charge exchange are as follows: (1) The more rapidly a particle is growing, the greater its surface density of negative ions. MD experiment the growing particle is colder and therefore its melting is somewhat less. On separation it receives a net increase of mass, which brings some negative charge back to it, but since it is a small fraction of the total melt, it does not eliminate the net loss of negative charge. (6) Saturation of this process occurs as the growth rate, and hence negative surface charge density and local electric field, increases and localizes neutralizing counterions.
In order to apply the charge transfer theory to atmospheric phenomena, we have made several essential simplifications. The state of the graupel surface is rough and disordered by rapid vapor growth and riming, and yet the calculation of collisional contact area tacitly assumes the surface as smooth. The same assumption was made by Gaskell and Illingworth [1980] , in applying the same relation as (14), to ice-graupel collisions. The simplification may be justified for those collisions that cause melting deeper than the depth of surface roughness or where the size of the impacting particle is greater than the lateral scale of surface roughness. Additional complications, involving a detailed examination of the different types of collisions, would go beyond the scope and intention of this paper. However, it is hoped that future experimental studies will help to elaborate the model to make it suitable for useful practical applications.
